The extraordinary low non-radiative recombination and band gap versatility of halide perovskites have led to considerable development in optoelectronic devices. However, this versatility is limited by the stability of the perovskite phase, related to the relative size of the different cations and anions. The most emblematic case is that of formamidinium lead iodine (FAPI) black phase, which has the lowest band gap among all 3D lead halide perovskites, but quickly transforms into the non-perovskite yellow phase at room temperature. Efforts to optimize perovskite solar cells have largely focused on the stabilization of FAPI based perovskite structures, often introducing alternative anions and cations. However, these approaches commonly result in a blue-shift of the band gap, which limits the maximum photo-conversion efficiency. Here, we report the use of PbS colloidal quantum dots (QDs) as stabilizing agent for the FAPI perovskite black phase. The surface chemistry of PbS plays a pivotal role, by developing strong bonds with the black phase but weak ones with the yellow phase. As a result, stable FAPI black phase can be formed at temperatures as low as 85°C in just 10 minutes, setting a record of concomitantly fast and low temperature formation for FAPI, with important consequences for industrialization. FAPI thin films obtained through this procedure preserve the original low band gap of 1.5 eV, reach a record open circuit potential (Voc) of 1.105 V -91% of the maximum theoretical Voc-and preserve high efficiency for more than 700 hours. These findings reveal the potential of strategies
exploiting the chemi-structural properties of external additives to relax the tolerance factor and optimize the optoelectronic performance of perovskite materials.
Production expenses and photoconversion efficiency (PCE) are critical factors impacting on the final cost of the solar energy technologies. Perovskite solar cells (PSCs) bring promise for affordable and efficient devices, with PCE recently reaching 25.2%. 1 Beyond excellent optoelectronic properties, this newcomer family of materials has a great composition versatility, that enables the synthesis of perovskites with tunable bandgap, 2 producing a broad range of possibilities for light emitting systems. For the development of photovoltaic systems, however, the range of material choice is confined to cations suitable for 3D perovskites with good charge transport properties, namely methylammonium (MA), formamidinium (FA) and Cs. 3 Moreover, for a single layer absorber, a band gap as close as possible to 1.4 eV is required, as then the Shockley-Queisser model predicts a maximum theoretical efficiency of 33%. 4 FAPI perovskite phase has the lowest band gap, 5 1.48 eV, 6 with a maximal theoretical PCE (PCEmax) of 32.3%. 7 With the further advantage of higher thermal stability in comparison to MA-based PSCs, FAPI perovskite crystals fulfill an ideal compromise between a fully inorganic and a hybrid perovskite in terms of both thermal stability 8 and band gap. 6 The structural stability is however an issue. FAPI has a Goldschmidt tolerance factor close to unity, but its polymorphism limits the stability of the black phase -which includes cubic (α) and tetragonal (β and γ) phases- 3, [9] [10] [11] [12] in favor of the yellow -hexagonal (δ)− phase, 13 which is photoinactive with a band gap of 2.43 eV. 14 Consequently, the black phase is the most stable phase for temperatures over 165 °C only. 9 This implies it must be synthesized at high temperatures (the annealing range is 150-185 °C for 30 min), [15] [16] [17] and after cooling down to room temperature it constitutes a metastable phase that transforms into the yellow phase in a relatively short time, especially in humid environments. 18 Cation alloying is a standard technique to decrease the Goldschmidt effective tolerance factor. 9 Different studies report the addition of methylammonium (MA + ), 19 cesium (Cs + ), 11, 20, 21 potassium (K + ), 22 rubidium (Rb + ), 23 or large organic cations forming 2D perovskites [24] [25] [26] to stabilize the mixed cation perovskite α−phase. 27,28 with the double advantage of a higher reproducibility and the formation of the α-phase at lower temperature (100-150 °C). Yet, in the case of Pb-perovskites, smaller A-site cation causes octahedral tilting resulting in an increased band gap. 29, 30 This is an undesired side-effect, as it shifts the gap energy away from the optimal value in terms of PCEmax. 4, 7 For example, the extensibility used Cs0.05MA0.16FA0.79Pb(I0.83Br0.17)3 presents a band gap of 1.63 eV, 11 limiting PCEmax to 29.8%. 7 Recent research efforts are trying to reduce the perovskite band gap by removing Br. 19, 31 This strategy has yielded the current PCE published record of 23.3% 19 with the reduction of band gap limited to 1.55 eV, as 8% of MA must be added to stabilize FAPI black phase. The use of Cs instead of MA to stabilize the α−phase in RbCsFAPbI3 succeeded in further reducing the band gap to 1.53 eV, where Rb has the additional role of increasing the reproducibility. 31 In this work, we propose to stabilize FAPI perovskite not through the introduction of alternative cations or anions to FA + and I -, but by taking benefit of the synergistic interaction of halide perovskites with colloidal PbS quantum dots (QDs). 32 MA-based halide perovskite thin films with embedded QDs 33, 34 have been employed for the development of LEDs, 35 photodetectors 36 and solar cells. 37 Inorganic CsPb(I1-xBrx)3 perovskites with embedded PbS QDs, due to the zero-mismatch, increase the stability (photoluminescence (PL) reduction of just 10%
after an annealing of one hour while for samples without embedded QDs the PL was reduced in a 50 %), especially for Br rich perovskite with the same lattice parameter than PbS. 38 We show that the use of embedded PbS QDs presents multiple advantages over alloying, since it stabilizes the black phase in ambient conditions, while preserving the narrow band gap of pure FAPI. Also, the synthetic conditions become milder, with temperatures as low as 85 °C, annealing times of only 10 minutes and no deleterious effect on the thermal stability of the resulting film. PSCs prepared out of FAPI films stabilized with PbS QDs demonstrated higher performance and reproducibility than their counterparts without QDs, as well as a record open circuit potential, Voc, of 1.105 V for pure FAPI. PSCs with embedded PbS QDs further exhibited a significant improvement in long term stability, with only 16% decrease of the initial PCE after 720 hours, as compared to QD free samples, which presented a reduction in efficiency of 30% after a single day since preparation, and no performance at all after 500 hours. To elucidate the physical processes involved in the superior stabilization of FAPI by means PbS QDs, we combined systematic studies on the effect of QD size and concentration with a two-level theoretical analysis based on Density Functional Theory (DFT) and linear elastic theory of continuous media. The PbS-FAPI interface is found reduce the thermodynamic preference for the yellow phase, by creating stronger chemical bonds with the black one, and to propagate strain fields over long distances, which favor the formation of large grain sizes. These factors point to surface chemistry engineering as a less
invasive and yet efficient methodology to stabilize halide perovskite materials.
The first step carried out for the incorporation of the inorganic PbS QDs into the FAPI perovskite matrix is to make both materials chemically compatible in solution for the spin coating deposition. The finest method is to replace the organic ligand, specifically the oleic acid (OA), coming from the synthesis of the QDs, with a new one. In this case, the ligand has to anchor itself to the surface of the PbS, avoiding their aggregation in solution, but at the same time it has to be polar, to guarantee the solubility of the quantum dots in the perovskite solvent, namely dimethylsulfoxide (DMSO) or dimethylformammide (DMF). The ligand exchange procedure used is similar to previously reported in literature, 33, 34, 39 substituting the organic capping of PbS QDs by a FAPI shell, see details in the Experimental Section. After the ligand exchange PbS/FAPI core/shell QDs are soluble in DMF solution, see Figure 1a . A Fourier-Transform Infrared Spectroscopy (FTIR) measurement before the ligand exchange exhibits the signals related to the oleic acid, the stretching modes of the O-H at 3,446 cm -1 , of the C-H at 3,020-2,800 cm -1 and of the carboxyl C=O at 1,527 cm -1 . These modes are totally absent after ligand exchange, see Figure   1b , pointing the success of the ligand exchange procedure. Furthermore, the solutions of the PbS/FAPI in DMSO or DMF are stable until the concentration of 50 mg/ml, indicating the universality and robustness of the method, which in fact preserves the features of the as synthesized PbS QDs, Figure 1c , after the ligand exchange, see Figure 1d .
Transmission Electron Microscopy (TEM) images reveal an increase of the average size of QDs comparing the as-synthesized OA capped PbS QDs (PbS/OA) and PbS/FAPI core/shell QDs, see Figure 1 c,d. The statistic distribution is plotted in Figure S1 in good agreement with the estimated QDs size from PL spectra, see Figure 2a , around 3.8 ± 1.8 nm and 4.7 ± 1.5 nm for the PbS/OA and the PbS/FAPI, respectively. 40 As synthesized PbS/OA QDs present cubic rock salt structure, see Figure 1e . After ligand exchange a shell of FAPI is formed with majority black phase, despite a small contribution from yellow phase is visible in the X-Ray Diffraction (XRD) pattern, see Figure 1f . Excellent agreement is obtained when the k·p model adopts QD diameters of 3.8 nm (OA, solution), 3.96 nm (FAPI, solution), 3.98 nm (OA, film) and 4.42 nm (FAPI, film), with Gaussianshaped bands to account for size inhomogeneity. The mean size of emitting QDs surrounded by FAPI is slightly larger than that in OA, which is consistent with TEM measurements. Also, the size in films is larger than that in solution, possibly because enhanced tunneling facilitates photoexcited carrier relaxation into larger dots prior to electron-hole recombination. Our theoretical k·p analysis further provides complete information on exciton binding energies, dielectric mismatch effects, band offset distribution and size-dependent absorption in PbS/FAPI QDs, see The properties of FAPI thin films with embedded PbS QDs have been analyzed as function of the QDs concentration and size. The QDs concentration in the perovskite solution is tuned from 0 mg/ml (reference sample) to 7.5 mg/ml, resulting in FAPI thin films with different volume percentage of QDs from 0.18 vol % to 0.55 vol % (see Supporting Information section 4 for more details about the calculation of the QD percentage). The first beneficial effect of the PbS addition is observed for the crystallization of FAPI film from solution after spin coating. As mentioned above, to produce the black phase of FAPI perovskite an annealing after spin coating at 165-185 °C is needed, but the addition of PbS reduces dramatically the annealing temperature to obtain the black phase of FAPI, to values as low as 85 °C for a concentration of PbS/FAPI QDs in solution of 5mg/ml, see Supporting Video 1, and annealing times as short as 10 minutes. The presence of PbS accelerates 41 the FAPI black phase crystallization, not just for FAPI but for reported halide perovskites, reducing radically both the self-assembly time and temperature. [15] [16] [17] The annealing time for the crystallization of the FAPI black phase presents a dependence on the QDs concentration. An optimal response is obtained at 5 mg/ml, with complete conversion into black phase in 10 min. If the concentration is lower or higher, for instance 2.5 mg/ml or 7.5 mg/ml, the formation is slowed down to 20 min and 40 min, respectively, but it still occurs at 85°C, see Figure S7a . We observe this phenomenon not only with pure DMSO but also with a cosolvent DMF:DMSO (9:1). For the mixture of solvents, the required annealing temperature can be decreased only to 140 °C ( Figure S8a We have verified that below 85 °C (i.e. 80 °C) an incomplete perovskite formation occurs, as the signatures of PbI2 and of the FAPI yellow phase are observed in the XRD spectra, see Figure   S9 . On the contrary, the XRD measurements confirm the complete conversion of the perovskite precursors, FAI and PbI2, to black FAPI perovskite upon annealing at 85 °C, independently of the PbS concentration, see Figure 3a . Only the peaks corresponding to the FTO substrate and the FAPI black α-phase at 14.03° (001), 24.33° (111), 28.23° (002), 31.66° (012) and 40.25° (022) are observed after thin film preparation, see Figure 3a . 45 No peaks pointing the presence of PbI2 or FAPI δ-phase are observed after samples preparation. The degradation of these layers was followed at ambient condition with a relative humidity of almost 45%. After 30 days, the degradation of the reference sample is evident with bare eyes, see Figure 3b , and from absorbance measurements, see Figure S10 . For some of the samples with embedded QDs it can be also observed, but not for others. In details, the XRD measurement after 30 days revealed that the FAPI film prepared with a concentration of PbS QDs of 5mg/ml is stable and the black phase is preserved. On the other hand, the perovskite without PbS QDs and with the highest concentration embedded, are totally converted into the δ-phase, as indicated by the diffraction peak at 11.8° and the disappearance of black phase peaks, see Figure 3b . In the case of the sample with the lowest QD concentration, it presents a mixture of the FAPI black and yellow phases, see Figure   3b . Likewise, the FAPI perovskite grain size increases with the increase of the concentration, but at 7.5 mg/ml the grain size decreases again, as the SEM images display, see Figure 3 c-f. The black dots observed in the top-view SEM image of the FAPI with no QDs and with PbS QDs 7.5 mg/ml are yet another evidence of the fast degradation of such films when exposed to ambient air or to stress conditions, like the SEM beam. No such signs are observed for the sample with 5 mg/ml QDs.
The size of the PbS QDs also has a significant effect on the stabilization of FAPI black phase. To illustrate this point, we keep the concentration in solution constant, at 5mg/ml, and vary the PbS QDs size. PbS QDs with diameter size of 2.9 nm, 3.8 nm and 8.2 nm are studied. PL, TEM images and XRD of the corresponding PbS QDs are plotted in Figure S11 . An optimal response is obtained for the mid-sized QD diameter, 3.8 nm. The trends of annealing time and black phase stability when varying the size from this value are analogous to those observed when varying the concentration from its optimal value, see Figure S7 . Namely, the annealing time is shortened from the system with PbS QDs of 2.9 nm to the system with 3.8 nm and increases again for PbS QDs of 8.2 nm. In the same way, the stability improves from 2.9 nm to 3.8 nm, but it decreases for the largest size.
One of the most significant advantages of the FA-based perovskite compared with the MA-based perovskite, in addition to the lower band gap, is the thermal stability beyond 150 °C, as it can be expected from the higher formation energy. Despite the introduction of PbS QDs reduces significantly the annealing temperature for the synthesis of FAPI black phase, the presence of QDs does not affect the thermal stability of the FAPI layer, as it has been verified by thermogravimetric analysis (TGA). TGA was measured from room temperature to 1,000 °C under nitrogen, Figure S12 , observing no significant differences for samples prepared with and without QDs.
In order to understand the physical origin of the phase stability of FAPI in the presence of embedded PbS QDs, density functional theory (DFT) calculations including spin-orbit coupling are carried out (see Supporting Information, section 5, Figure S13-S16). We compare the energetic stability of black and yellow phases in different conditions. As shown in panel (i) of Figure 4a , in the bulk the energy of black (cubic) phase exceeds that of the yellow one by ΔEby=Eb-Ey=0.27 eV per FAPbI3 unit. This fact explains the well-known thermodynamic preference for the yellow phase in the absence of PbS QDs. 8 Upon inclusion of the QDs, however, several changes take place in the host FAPI matrix: (i) the smaller lattice constant of PbS generates strain, (ii) crystal surfaces arise on the interface with the QD and (iii) chemical bonds form between the two materials. We study the individual effect of each factor to determine their presumable role in stabilizing the black phase.
First, we investigate the effect of strain. Previous studies have suggested strain may favor the black phase stability in CsPbI3 and (Cs,FA)PbI3 perovskites with different substrates. [46] [47] [48] We calculate the strain arising from the lattice mismatch between spherical PbS QDs and cubic FAPI using linear elastic theory (see details in section 2 of Supporting Information). Figure 4b shows the strain parallel (║) and normal (⊥) to the (100) crystal direction for QDs of different sizes. We find most of the strain occurs in the FAPI matrix, as it stays well under 1 % inside the QDs, but it becomes strong (up to 4-6 %) outside. This is consistent with the rigid (soft) bonds of PbS (FAPI).
A strongly compressive strain ε⊥ builds up in FAPI near the interface with PbS (dashed lines), which facilitates lattice matching. In response, a tensile strain ε║ (solid lines) develops in the orthogonal direction, which propagates several nanometers away from the interface. This behavior implies a long-ranged tetragonal distortion of the FAPI lattice, as sketched in Figure 4c .
The energetic impact of such a strain is determined by DFT calculations. The isolated effect of the strain on the bulk is evaluated by forcing that the bulk perovskite matches with the PbS lattice: (ii). A similar energetic trend has been recently reported in Ref. 46 for CsPbI3 thin films depending on the strain induced by the substrate. However, the small reduction is unlikely to explain the drastic stabilization of the black phase revealed in our experiments. We have tested biaxial and uniaxial strain on bulk crystals, both tensile and compressive, and confirmed that the black phase is systematically less stable than the yellow one, i.e. ΔEby>0, see Figure S17 .
We next study the effect of surface formation. PbS QDs of small size present an octahedral shape exposing (111) planes, while QDs with diameters over ~3.5 nm PbS QDs adopt a cubooctahedral shape with increasing area covered by (100) planes, see Figure 4d . 49 FAPI black phase is prone to use (100) planes to bind with PbS, while the yellow phase prefers (111) planes, each with a preferred ionic termination. A quantitative comparison of the corresponding surface energies is however prevented by the lack of reflection symmetry in the unit cell of the yellow phase, its inherent polarity, and the wide uncertainty range of FAPI chemical potential. We then carry out a semi-quantitative analysis of surface energies by directly comparing the total electronic energy of strained slabs in black and yellow phases. The slabs, as plotted in panel (iii)
of Figure 4a , are chosen to have similar thicknesses and hence similar quantum confinement. As expected, the presence of surfaces increases the energy per FAPbI3 unit with respect to strained bulk. The increase is small for the black phase but large for the yellow one, which then becomes less stable than the black phase by ΔEby=-0.76 eV. This result is consistent with recent studies on CsPbI3, where large (small) surface energies were reported for the δ (α) phase. 48 It follows that the presence of surfaces between FAPI and PbS QDs is an important factor destabilizing the yellow phase relative to the black one. 46 The last factor to be considered is the chemical binding of FAPI to PbS. For a semiquantitative estimate, we attach slabs of FAPI and PbS, as illustrated in panel (iv) of Figure 4a .
The resulting energy per FAPbI3 unit decreases for both phases as compared to that of bare slabs, which confirms that stable bonds are formed between the two materials. Remarkably, the stabilization is much stronger for the black phase than for the yellow one, the energy difference increasing from ΔEby=-0.76 eV in the free-standing slabs to ΔEby=-1.06 eV in the heterostructure.
Altogether, the energetic trends revealed by our DFT calculations (see SI for more details), make clear that the origin of thermodynamically favored black FAPI upon inclusion of PbS QDs is due mainly to two distinct, but both needed, mechanisms: in primis the structure stabilization, that destabilizes the yellow phase due to its large surface energy and in secundis the crucial chemical stabilization, by chemical bonds between the PbS and FAPI, that stabilizes the black one phase. The latter is also likely related to the mild annealing conditions observed in our experiments. The low annealing temperature indicates PbS QDs are acting as catalyzers, 41 regardless of the size and concentration, which reduce the activation energy required to attain the metastable black phase. It is then plausible that the strong PbS-black FAPI bonds are stabilizing the transition state of the reaction path. Strain, on the other hand, plays a secondary role in energetic stabilization. Still, the long-ranged tetrahedral distortion reported in Figure 4b suggests PbS QDs could further contribute to stabilize by stimulating the formation of large FAPI grains black phase FAPI. It has been recently claimed that the strain enables the formation of large grain sizes through the coherent propagation of its field over crystal regions with otherwise random orientation of domains, 46 which is beneficial for the stability of the synthesized phase. 8 The results above clearly explain the experimental observation that small size PbS QDs and small concentrations of QDs fail to stabilize the FAPI black phase, because of the lack of (100) surfaces and the reduced number of surfaces and chemical bonds, respectively. In order to understand the lower stability for high QDs concentration and higher QD size other arguments are needed. A possible explanation is that the presence of QDs rich regions can produce a large increase of the strain, see Figure S18 , especially in the case of large QDs size. This significant strain enhancement produces in turn an important increase of the energy per formula unit, see Figure   S17 , which could induce the observed destabilization of the thin film. To investigate the effects of the PbS QDs incorporation in photovoltaic devices, we fabricated PSCs with planar configuration, 50 FTO/SnO2/FAPI/spiro-OMeTAD/Au, see Figure 5a , with and without embedded QDs. We employed the optimized PbS QDs solution concentration of 5mg/ml and QD size of 3.8 nm. The average of the results is summarized in Figure S19 and Table S3 and the curves of the best devices are shown in Figure 5b . We highlight that the presence of PbS QDs not only increases the maximum and average performance of the solar cells but also the reproducibility of the devices, see Figure S19d , due to the augmentation of the open-circuit voltage, Voc, and the fill factor, FF, see Figure S19b and S19c, respectively, for average values and Figure 5b for champion devices. Significantly, the champion device has a photo-conversion efficiency of 18%, see Table S3 and Figure 5b , with a Voc of 1,105 mV, a photocurrent, Jsc of 21.5 mA/cm 2 and a FF of 75.7%, with typical negligible hysteresis, in accordance with previous reports. 51 However, the solar cells optimization is not exhausted, as the theoretical limit of 27 mA/cm 2 suggests, 51 and further optimization can be expected in the near future. An increase of the layer thickness (higher than 220 nm) optimizing the deposition process, keeping the FF as high as in this study, will allow to take benefit of the lower band gap of FAPI, see Figure 5e , to increase the device Jsc. In conclusion, we have shown that pure FAPI perovskite, preserving its excellent optical properties for solar cell devices, can be stabilized by embedding a small fraction of PbS QDs. As compared to previous strategies, mostly based on ion alloying, the present method avoids blue shifting of the band gap -thus paving the way for higher PCE-and reduces dramatically both 
Ligand exchange
PbS QDs are synthesized according a modified procedure previously reported. 1 The 
Structural characterization
The morphologies of the samples (FTO/SnO2/FAPI with and without PbS) are carried out with a field emission scanning electron microscope (FEG-SEM) JEOL 3100F) operated at 5 kV.
The X-ray diffraction (XRD) patterns of the FAPI films are recorded using an X-ray diffractometer (D8 Advance, Bruker AXS) (Cu Ka, wavelength of l = 1.5406 Å) within the range of 10-60 °.
Transmission electron microscopy (TEM) images are taken on W JEOL JEM 1010 transmission electron microscope, using an accelerating voltage of 100 kV, with a resolution of 0.4 nm.
The thermogravimetric analysis (TGA) are measured with the TGA/SDTA851e/LF/1600 instruments, working from ambient temperature to 1,600 °C.
The FTIR spectra of the PbS QDs are collected with a FTIR Equinox 55 (Bruker) with an ATR Pro (Jasco) equipped with a diamond crystal, in standard conditions (in the range 600-4,000 cm -1 ). The photoluminescence (PL) is collected at a wavelength of 800 nm after excitation at 532 nm. To protect the perovskite films from the ambient air, 10 mg/mL of poly-methyl methacrylate (PMMA, 182230, Mn 120,000, Sigma-Aldrich) in anhydrous chlorobenzene is also spin-coated (2,000 rpm for 60 s) on the top of the perovskite layers. And the PL of different PbS/OA QDs sizes in solution (presented in Figure S11a) was carried out using a CCD detector (InGaAsAndor-iDUS DU490A-2.2) coupled with an adaptive focus imaging spectrograph (Kymera KY-193i-B2). A commercial continuous laser (532 nm, GL532RM-150) was used as an excitation source. The long-pass filter 20CGA-590 was used in order to block the excitation source.
Optoelectronic characterization

THEORETICAL k·p MODEL AND MATERIAL PARAMETERS
The lead salts have rock-salt crystal structure and had direct gaps at four equivalent L points in the Brillouin zone. 4 where Vc/Vv includes conduction/valence spatial confinement and the self-polarization potential 6 Finally, k refers to iteration cycle. The self-consistent process starts, e.g. with the free electron wavefunction c (d) ( ). From it, we calculate the associated Coulomb potential V(r) by means of the Poisson equation. Then, we diagonalize the Hamiltonian matrix [2] after the addition of the calculated Coulomb potential to the diagonal conduction/valence potential according to Vv/c →Vv/c -V(r). 2 Once the diagonalization of the Hamiltonian is carried out, we select the hole ground state e (f) ( ). Its associated density is then injected to the Poisson equation to find the associated potential V(r) that is used, in turn, to modify the Hamiltonian diagonal conduction/valence potential. The diagonalization of this Hamiltonian yields c (f) ( ). The process is repeated until energy and wave-function convergence. Absorption spectra intensities are taken proportional to the electron-hole overlap squared, which is calculated as in Ref. 4 .
The bandwidth is described with a Gaussian function, whose width is fitted to experiments.
Strain calculations are carried out in the linear elastic anisotropic continuum model, which has been widely used to describe epitaxial and colloidal hetero-nanostructures. [8] [9] [10] The elastic energy is minimized using Comsol Multiphysics 4.2.
The following table summarizes the material parameters employed in our calculations. --1 Electron and hole wave-functions contain both conduction and valence components. We call electron/hole to the eigenvector whose conduction/valence weight is larger and, in general, its energy is positive/negative.
2
We have defined the density in a way that it turns to be positive when the contribution of the valence band to the wave function is larger than the conduction band contribution. Therefore, it has the appropriate sign as required by the Poisson equation. Then, attraction/repulsion should decrease/increase the conduction band energy (stabilization/destabilization). All the same, it should increase/decrease the valence band one (again corresponding to stabilization/destabilization). This is the reason of introducing a minus sign in Vv/c → Vv/c -V(r). Here ε0 ,m0 are the vacuum permittivity and the free electron mass, respectively. P is the momentum matrix element coupling conduction and valence wave functions. 
ADDITIONAL THEORETICAL CALCULATION
For a more complete characterization of the photo-physics of PbS/FAPI QDs embedded in FAPI, in this section we analyze the influence of different factors in their elastic and optoelectronic response. In Figure S2 we show absorption peak corresponding to the exciton ground state in QDs with varying size.
For the calculations, we have chosen the CB and VB offsets to distribute symmetrically the band gap of FAPI (the effect of asymmetric distribution is discussed below).
The figure shows that varying the QD size within the experimental range of dimensions, one can shift the absorption maximum in the range of 750-2,000 nm approximately, covering most of the near infrared spectrum. These energies are slightly lower than those of QDs embedded in oleic acid (620-1,900 nm, for the same sizes), because the PbS/FAPI band-offset is smaller. Figure S2 . Exciton absorption spectrum vs QD radius in a PbS/FAPI system.
The figure also shows that the absorption intensity increases for small dots. This is a (non-trivial) consequence of CB-VB mixing. The main component of the electron and hole wave functions of the exciton have near-unity overlap for all sizes, because the effective masses and band offsets seen for the carriers are similar. However, the eigenvectors of Hamiltonian (2) contain admixture of different components (e.g.
the electron ground state has small but finite projection onto the valence band). Minor components barely contribute to the optical recombination because of symmetry restrictions. 4 We find that, as the quantum dot size decreases, band mixing is gradually suppressed and the overall electron-hole recombination probability increases. This is because off-diagonal terms of the Dimmock Hamiltonian, Eq.(2), which induce band mixing are linear in the momentum, while the diagonal terms splitting energetically electrons from holes are quadratic (kinetic energy). Therefore, with decreasing size the effect of latter prevail over the former, and admixture is quenched. This is illustrated in Figure S3 , which shows the evolution of the main component of the electron/hole state in the exciton ground state. ΔEj is the energy splitting between the edge of the band j and the mid-gap energy of PbS (see ΔECB in the schematic in the inset of Figure S4 ). We vary the value of ΔECB from 0 to Egap (then, ΔEVB =Egap -ΔECB). Figure   S4 shows that the highest exciton energy is obtained for a symmetric band gap partition (ΔECB =Egap/2).
Away from that point, the energy redshifts and the recombination probability decreases. This is because one of the two carriers (electron or hole) starts leaking into the matrix FAPI, gradually evolving towards a type-II system. Experimentally, the size distribution of PbS/FAPI QD is found to be 4.7±1.5 nm. The corresponding emission energy in solution is 1,227 nm -see Figure 2a of the main text-. We can fit such an energy assuming the central emission comes from smaller-than-average QDs (~4 nm) and symmetric band offset
distribution. An asymmetric distribution would require even smaller QD sizes to match experimental results, which is difficult to justify. Therefore, our analysis suggest nearly symmetric band offset distribution as the most likely scenario.
Dielectric mismatch effects are known to be important for colloidal QDs surrounded by molecular ligands. The different dielectric constant in the inorganic QD and the organic environment usually translates into polarization enhancement of the exciton Coulomb interaction, as well as repulsive selfinteraction potentials. 6, 7 However, for spherical dots with strong quantum confinement the two effects tend to cancel out and the exciton energy is only weakly affected. 18 We next study how dielectric mismatch effects influence PbS/FAPI QDs.
In PbS QDs, the relative dielectric constant is large (17.2, high frequency value). In FAPI, an effective relative constant of 11.4 has been proposed, 11 which we use in most of our simulations.
However, the lattice polarization varies strongly with the external field, and smaller values may be expected if the high-frequency regime is achieved. 19 Moreover, the relatively low band offset between PbS and FAPI (0.555 eV for symmetric distribution of band offsets) may reduce the compensation between Coulomb polarization and self-potential energy effects. In Figure S5 we analyze the exciton absorption dependence on the outer dielectric constant. As can be seen, both absorption intensity and wavelength are only weakly sensitive to changes in the dielectric confinement, which confirms we are close to the usual case of colloidal spherical QDs, 18 with approximate compensation of attractive and repulsive terms. Figure S5 . Exciton absorption in a PbS/FAPI QD with diameter 4 nm, as a function of the relative dielectric constant of the outer medium, which we let vary between its approximate high frequency value (5) (6) and approximate PbS value (18) . An effective constant of 11.4 has been proposed 11 and used in the rest of calculations of this paper.
In Figure S6 we plot the exciton binding energy in PbS/FAPI QDs, taken as the difference between the converged exciton energy and the single-particle (electron plus hole) energies. A maximum binding energy of ~70 meV is obtained for QDs with radius R ≈ 1.5 nm. For larger sizes, the binding energy decreases because Coulomb potential is 1/r potential term (neglecting dielectric mismatch effects). For smaller sizes, confinement energy exceeds the band-offset potential energy and then carriers start leaking into the matrix, which again reduces the interaction. 
PERCENTAGE OF VOLUME OF QDs IN THE FAPI FILMS WITH EMBEDDED QDs AND CALCULATION OF THE AVERAGE DISTANCE BETWEEN QDs IN THE THIN FILM
To calculate the PbS-PbS distance we assume that the weight concentration of PbS (10 mg/mL) has taken as the constant value before and after the ligand exchange process (this is done by omitting the layer thickness and weight of oleic acid ligands on PbS surface before the ligand exchange and in the same way for the FAPI layer after the post ligand exchange). In order to calculate the volume of the FAPI (VFAPI) we calculate first the unit cell FAPI density (dFAPI UNIT CELL).
According to the literature 15 So, the unit cell molecular weight is:
Atomic weight sum = (1xPb + 3xI + 1xC + 2xN +5xH) = 632.89 g/mol mFAPI unit cell= Unit cell molecular weight / Avogadro´s Number (NA)= 632.89 g/mol/6.023x10 23 mol −1 = 105.07x10 -23 g VFAPI unit cell= 257 Å 3 = 257x10 -24 cm 3 [15] dFAPI unit cell= 105.07x10 -23 g / 257x10 -24 cm 3 = 4.088 g/cm 3 or 4088 kg/m 3 .
Contribution of the FAPI Volume to the solution B (total volume 200 µl):
The FAPI mass in 200 µl is proportional to the mass of FAPI in the solution A (with a total volume of 2 ml): The centre to centre distance is related to the volume percentage of PbS in the film:
• For 2.5 mg/mL (the volume percentage of 0.18%) lPbS 8 This figure shows the sequentially loss of the solvents, the decomposition of the FAI in HI and FA and the decomposition of the PbI2 octahedra and that the PbS QDs preserve the thermal stability until 300 °C, meaning that do not change the acidity of the formamidinium, indeed higher is the acidity lower the degradation temperature. 21 
DENSITY FUNCTIONAL THEORY (DFT) CALCULATIONS
We performed DFT calculations with the Quantum Espresso code 22 
Results
1. PbS bulk. The relaxed lattice parameter is 5.90 Å.
a-phase
The computed bulk unit cell is a fully optimized pseudo-cubic structure 15 with a single formula unit of 12 atoms and lattice constants a= 6.41 Å, b= 6.25 Å, and c= 6.36 Å, see Fig. S13a ). This cell is comparable, in volume, to a cube of 6.34 A size. The calculated total energy is Efreebulk= -2068.7912 Ry. Moreover, the α bulk strained by the (100) surface of PbS has lattice parameters a= b= 5.90 Å and c= 7.10 Å, Fig. S13b ).
The total energy is Estrbulk= -2068.7802 Ry. 
Surface and interaction energies
The previous total energies allow us to estimate the mean surface energy (of top and bottom faces) as Esurf= (Eslab -3*Estrbulk)/2= (-6206.2985 -3*(-2068.7802))/2= 0.021 Ry = 0.29 eV. Based on this value, the interaction energy is approximated as Einter=Ehj -Esubs -Esurf -3*Estrbulk= -15525.1922 +9318.7964-0.021 +3*2068.7802= -0.0762 Ry= -1.04 eV.
d-phase
with lattice parameters a= 9.55, b= 8.55 Å, c= 7.87 Å, α= β= 90º, and γ= 124º; the experimentals values are a= b= 8.66 Å, c=7.90 Å, α= β= 90º, and γ= 120º. 23 The calculated total energy is Efreebulk= -4137.6222 Ry, thus -2068.8111 Ry/fu. The strained δ bulk on the (111) surface of PbS has lattice parameters a= b= 8.34
Å and c= 8.51 Å with angles α= β= 90º, and γ= 120º, Fig. S15b ). The total energy is Estrbulk= -4137.5864 Ry. 
Surface and interaction energies
From the previous total energies we calculate the mean surface energy as Esurf= (Eslab -2*Estrbulk)/2= (-8274.8412 -2*(-4137.5864))/2= 0.1658 Ry = 2.25 eV. Based on this value, the interaction energy is approximated as Einter=Ehj -Esubs -Esurf -Estrbulk= -15319.7236 -(-11182.2827)-0.1658 +4137.5864 = -0.0203
Ry= -0.28 eV.
The estimated surface energy of 2.25 eV for the d phase is significantly larger than 0.29 eV for the a phase, and the interaction energy of -0.28 eV is significantly smaller than -1.04 eV. These energy values provide physical insight into the origin of the reported larger stability of the alpha phase on the PbS substrate.
Uniaxial and biaxial tensile and compressive strain
In order to assess the effect of strain in the stability of α and δ phases, we have calculated the total energies of bulk crystals with tensile and compressive strain on one and two axis, Fig. S17 : uniaxial in the direction of the formamidinium molecule, c axis, and biaxial on the perpendicular plane, axis a and b. We have considered deformations between -7 % and +6 % on cubic (a= 6.34 Å) and hexagonal bulk crystals in α and δ phases, respectively. The reported data suggest that the relative stabilities of a and d phases cannot be switched only through strain, and would confirm the role of the PbS substrate in stabilizing the a-phase. Figure S17 . Energy vs. strain for biaxial strain on axis a and b (with circles) and uniaxial strain on c axis (with triangles) on alpha (cubic, black) and delta (hexagonal, yellow) bulk crystals, with indication of the unit-cell volume in the inset graph. The -7% corresponds to the compression on PbS (100) surface (5.9/6.34).
Strain and Displacement calculations
In Figure S18a we calculate the strain in a system formed by two PbS QDs inside a FAPI matrix. The dots are split along the (100) crystallographic axis, and the strain tensor component we plot is parallel to this direction. One can see that strain accumulates in the region in between QDs, for short enough distances. Figure S18b shows the associated total displacement. 
